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(57) An apparatus and method for providing disper- 
sion compensation for chromatic dispersion introduced 
in the signal conversion of an optical signal. An exem- 
plary apparatus in accordance with the present invention 
includes a nonlinear conversion medium arranged within 
an optical signal path of the optical signal. The conver- . 
sion medium receives the optical signal and generates 
a converted optical signal therefrom. At least one disper- 
sion compensator is arranged within the signal path to 
provide an amount of chromatic dispersion suitable to 
offset a portion of the chromatic dispersion introduced in 
the converted signal by the nonlinear conversion medi- 
um. The nonlinear medium may be a length of disper- 
sion-shifted fiber used to phase conjugate and/or fre- 
quency shift an input optical signal in an optical system 
utilizing, for example, optical phase conjugation to can- 
cel the effects of fiber nonlinearities. The dispersion com- 
pensator may be placed in the optical signal path either 
before or after the nonlinear conversion medium, or may 
be distributed within the medium. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to improve- 
ments in optical communication systems. More particu- 
larly, the present invention relates to chromatic disper- 
sion compensation in optical communication systems 
which utilize optical phase conjugation or other types of 
optica! signal conversion. 

2. Description of the Prior Art 

in optical communication systems which utilize op- 
tical fiber as a transmission medium, chromatic disper- 
sion and fiber nonlinearities present significant obstacles 
to achieving higher system data rates and longer repeat- 
erless transmission distances. Chromatic dispersion, of- 
ten simply called dispersion, refers to a phenomenon in 
which the speed of an optical signal through an optical 
transmission medium such as fiber varies as a function 
of the optical signal wavelength. The problem of chro- 
matic dispersion is particularly significant in the standard 
single-mode fiber (SMF) making up much of the world's 
existing optical fiber infrastructure. Standard SMF typi- 
cally exhibits a dispersion zero at a wavelength of about 
1 300 nm, with positive dispersion for wavelengths longer 
than the dispersion zero. 

Dispersion can be expressed in terms of variations 
in the propagation constant of the fiber with respect to 
frequency. First- and second-order group velocity disper- 
sion refer to the second and third derivatives of the fiber 
propagation constant p with respect to angular frequen- 
cy co, or p 2 and (i 3 , respectively Higher order dispersion 
terms can be approximated as zero in most applications. 
When used in the context of lightwave transmission sys- 
tems, first- and second-order dispersion are commonly 
expressed in terms of derivatives with respect to wave- 
length. Thus, first-order group velocity dispersion is typ- 
ically expressed as a change in pulse propagation time 
over a unit length of fiber with. respect to a change in 
pulse wavelength. In this case, the symbol D(X) is often 
used to refer to first-order group velocity dispersion, and 
the units are typically picoseconds per nanometer-kilom- 
eter (ps/nm-km). Second-order group velocity dispersion 
is then expressed, using units of ps/nm 2 -km, as the de- 
rivative with respect to wavelength of D{X). 

An important fiber nonlinearity that can limit trans- 
mission capability is the Kerr effect, in which the index 
of refraction increases with the intensity of an applied op- 
tical signal. Changes in the fiber index of refraction mod- 
ulate the phase of an optical signal passing through the 
fiber, and thereby redistribute the signal frequency spec- 
trum. In systems in which the optical signal modulates 
itself, this phenomenon is generally known as self-phase 
modulation. Self -phase modulation creates lower fre- 



quencies toward the leading edge of an optical signal 
pulse and creates higher frequencies toward the trailing 
edge. In multi-channel systems, in which one signal 
causes modulation of other signals, the phenomenon 
5 manifests itself as either cross-phase modulation or 
four-photon mixing. For both single-channel and mul- 
tichannel systems, the resulting changes in frequency 
distribution are translated to amplitude modulation by the 
fiber dispersion. The interplay between chromatic dis- 
10 persion and nonlinearities such as the Kerr effect there- 
fore can lead to increasing optical signal distortion as a 
function of transmission distance. For long distance 
communication over optical fiber, therefore, dispersion 
and nonlinearities must be controlled, compensated or 

1 $ suppressed. 

Midspan optical phase conjugation is a technique 
which has been used to alleviate the effects of chromatic 
dispersion in optical systems. Because the phase con- 
jugate of an optical pulse is, in effect, a time reversal of 

20 the pulse, an optical phase conjugator placed at the mid- 
point of an optical fiber span allows the first -order group 
velocity dispersion of the first half of the span to be com- 
pensated by the identical first-order group velocity dis- 
persion produced as the conjugated signal propagates 

25 along the second half of the span. See, for example, A. 
Gnauck, R. Jopson and R. Derosier, °10 Gbit/s 360 km 
Transmission over Dispersive Fiber Using Midsystem 
Spectral Inversion," IEEE Photonics Technology Letters, 
Vol. 5, No. 6, pp. 663-666, June 1 993; and S. Watanabe 

30 et al., "Compensation of Chromatic Dispersion in a Sin- 
gle-mode Fiber by-Optical Phase Conjugation," IEEE 
Photonic Technology Letters, Vol. 5, No. 1, pp. 92-95, 
January 1993. Dispersion compensation using optical 
phase conjugation has also been demonstrated for 

35 wavelength division multiplexed (WDM) systems. See, 
for example, A. Gnauck, R. Jopson, P. lannone, and R. 
Derosier, "Transmission of two wavelength-multiplexed 
1 0 Gbit/s channels over 560 km of dispersive fibre, " Elec- 
tronics Letters, Vol. 30, No. 9, pp. 727-728, April 1994. 

40 EP-4-0 643 498 first recognized that the effects of 
fiber span nonlinearities could be compensated using 
optical phase conjugation. An exemplary optical system 
described in EP-A-0 643 498 adjusts optical signal power 
in a fiber span by selecting appropriate number, spacings 

45 and output power for in-line amplifiers such that the ef- 
fects ot fiber non-linearities are compensated. Further 
detail regarding compensation of fiber non-linearities us- 
ing optical phase conjugation may be found in, for exam- 
ple, C. Kurtzke and A. Gnauck, "How to Increase Capac- 

so Ky beyond 200 Tbit/s-km without Solitons," ECOC '94 
Proceedings, Vol. 3, Postdeadline Paper No. ThC 12.12, 
pp. 45-48, Montreux, Switzerland, September 1993; W. 
Pieper et al., "Nonlinearity-insensitive standard-fibre 
transmission based on optical-phase conjugation in a 

55 semiconductor-laser amplifier," Electronics Letters, Vol. 
30, No. 9, pp. 724-726, 1994; and S. Watanabe and T. 
Chikama, "Cancellation of four-wave mixing in mul- 
tichannel fibre transmission by midway optical phase 
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conjugation," Electronics Letters, Vol. 30, No. 14. pp. 
1156-1157, July 1994. 

An additional concern which may arise in the optical 
systems described in EP-A-0 643 498 is the effect of 
chromatic dispersion introduced by the optical phase 
conjugator itself. For example, a common technique for 
phase conjugating an optical signal is four-photon mixing 
in a length of dispersion-shifted fiber (DSF) . Efficient 
mixing in the DSF generally requires proper phase 
matching, which may be achieved by placing a pump sig- 
nal wavelength near the dispersion zero of the DSF or, 
if two pump signals are used, by placing the average of 
their wavelengths near the dispersion zero. It has been 
discovered, however, that under these conditions chro- 
matic dispersion in the DSF phase conjugator can sig- 
nificantly distort the phase conjugated output signal. In 
a phase conjugator consisting of 20 km of DSF with a 
dispersion zero at 1550 nm, a pump signal at a wave- 
length of 1550 nm and an input signal at a wavelength 
of 1554 nm, a phase conjugated output signal will be 
generated at a wavelength of approximately 1 546 nm. If 
the DSF has a typical second-order dispersion value of 
0.08 ps/nm 2 -km, the DSF will produce a total first -order 
dispersion at the wavelength of the conjugated signal of 
(1546 nm - 1550 nm) x 0.08 ps/nm 2 -km, or -0.32 
ps/nm-km. The conjugated signal at the output of the 
DSF will therefore exhibit a substantial additional chro- 
matic dispersion of (-0.32 ps/nm-km) x (20 km), or -6.4 
ps/nm. The chromatic dispersion produced within an op- 
tical phase conjugator can thus be sufficiently large to 
reduce or eliminate any benefit obtained from the phase 
conjugation. Similar concerns apply with other types of 
optical signal convertors utilizing DSF, single-mode fiber 
(SMF) or other alternative nonlinear conversion media. 

As is apparent from the above, a need exists for an 
optical phase conjugator, frequency shifter or other sig- 
nal convertor which includes compensation for chromat- 
ic dispersion introduced as a result of the conversion. 

SUMMARY OF THE INVENTION 

The present invention provides an apparatus and 
method which compensate for chromatic dispersion in- 
troduced in nonlinear media performing optical phase 
conjugation, frequency shifting and/or other signal con- 
version processes. An exemplary apparatus in accord- 
ance with one aspect of the present invention may in- 
clude a nonlinear conversion medium arranged within an 
optical signal path and adapted to receive an optical sig- 
nal and to generate a converted optical signal therefrom; 
and at least one dispersion compensator arranged within 
the optical signal path to provide an amount of chromatic 
dispersion suitable to offset a portion of the chromatic 
dispersion introduced in the converted signal by the non- 
linear conversion medium. The nonlinear conversion 
medium may be, for example, a. length of optical fiber 
used to perform optical phase conjugation and/or fre- 
quency shifting of an input optical signal via four-photon 



mixing. Alternatively, the nonlinear medium may be an 
active or passive semiconductor, a nonlinear crystal or 
any other nonlinear medium suitable for converting an 
optical signal in frequency and/or phase. The dispersion 
5 compensator may be placed either before or after the 
nonlinear medium in the optical signal path. In other em- 
bodiments of the present invention, the dispersion com- 
pensator may be distributed within the nonlinear conver- 
sion medium. 

10 An exemplary method in accordance with another 
aspect of the present invention may include the steps of 
applying an optical signal to a nonlinear conversion me- 
dium arranged in a signal path of the optical signal; gen- 
erating a converted optical signal in the nonlinear medi- 

*s um from the optical signal; and compensating for a por- 
tion of the chromatic dispersion introduced in the con- 
verted signal by the nonlinear medium by providing an 
offsetting amount of chromatic dispersion in the optical 
signal path. The step of compensating for the chromatic 

20 dispersion introduced by the nonlinear medium may in- 
clude providing additional chromatic dispersion either 
before, after or distributed within the nonlinear medium. 
The nonlinear medium may be part of, for example, an 
optical phase conjugator used to compensate for the in- 

25 terplay between non linearities and chromatic dispersion 
in an optical fiber span. 

The present invention provides compensation of 
chromatic dispersion introduced in signal conversion 
processes such as optical phase conjugation and/or fre- 

30 quency shifting of optical signals. By compensating for 
this additional chromatic dispersion, optimal benefit is 
obtained in applications utilizing signal conversion, such 
as midspan optical phase conjugation. Proper compen- 
sation of the dispersion introduced by nonlinear media 

35 jn systems utilizing optical phase conjugation to compen- 
sate fiber nonlinearity allows maximum improvement in 
fiber span bit rate distance products. The compensation 
can be readily and inexpensively provided in a variety of 
different optical systems utilizing any of a number of non- 
40 linear conversion media including, for example, disper- 
sion-shifted fiber (DSF), semiconductor lasers, semicon- 
ductor laser amplifiers and nonlinear crystals. 

The above discussed features, as well as additional 
features and advantages of the present invention, will 

45 become apparent by reference to the following detailed 
description and accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

so FIG. 1 shows an exemplary optical system utilizing 
midspan optical phase conjugation with dispersion com- 
pensation in accordance with the present invention. 

FIG. 2 is a block diagram of another exemplary op- 
tical system used to illustrate the improvements provided 
55 by utilizing dispersion compensation in accordance with 
the present invention. 

FIGS. 3A-3D show exemplary optical spectra pro- 
duced at various points in the optical system of FIG. 2. 
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FIGS. 4A-4D show eye diagrams generated at a 
data rate of 2.5 Gbits/sec at various points in the optical 
system of FIG. 2. 

FIG. 5 is a bit error rate (BER) curve showing the 
performance improvements possible in the exemplary s 
optical system of FIG. 2. 

FIG. 6 is a graph showing exemplary plots of fiber 
chromatic dispersion as a function of wavelength in a 
number of different types of optical fiber. 

FIG. 7 is a block diagram of an exemplary embodi- 10 
ment of the present invention in which a plurality of dis- 
persion compensators are distributed within a nonlinear 
conversion medium. 

DETAILED DESCRIPTION 15 

The present invention will first be illustrated in an op- 
tical phase conjugation application. FIG. 1 shows an ex- 
emplary optical communication system 10 incorporating 
optical phase conjugation to compensate for fiber disper- 20 
sion and/or nonlinearities, with additional dispersion 
compensation in accordance with the present invention. 
The system 10 includes an optical signal transmitter 12 
at one end of an optical fiber span made up of a number 
of fiber amplifiers 1 4 and lengths of optical fiber 1 6. The 25 
amplifiers 14 may be, for example, erbium-doped fiber 
amplifiers (EDFAs), which compensate for the attenua- 
tion of the optical fiber and are spaced in a manner to 
approximate a lossless power distribution over the fiber 
span. It should be noted that alternative fiber spans suit- 30 
able for use with the present invention need not include 
such a distribution, and need not include any in-line am- 
plifiers. For example, if the transmitter 12 provides suffi- 
cient optical signal power to communicate effectively 
through the span, amplifiers 14 could be eliminated. An 35 
optical signal receiver 18 is located at an opposite end 
of the optical fiber span. The fiber span thus provides an 
optical signal path between the transmitter 12 and the 
receiver 1 8. As used herein, the term "optical signal path" 
includes any optical transmission medium, including a 40 
fiber span, optical waveguide, or free space, through 
which an optical signal passes. The system 10 also in- 
cludes an optical phase conjugator 20 which produces 
a phase conjugate of an input signal in order to compen- 
sate for the effects of chromatic dispersion in the fiber 45 
span. Additional detail regarding use of optical phase 
conjugation to compensate for dispersion may be found 
in, for example, A. Yariv et al., "Compensation for Chan- 
nel Dispersion by Nonlinear Optical Phase Conjugation," 
Optics Letters, Vol. 4, No. 2, pp. 52-54, February 1979, so 
which is incorporated by reference herein. The system 
10 also utilizes phase conjugator 20 to compensate for 
fiber nonlinearities in the manner described in the 
above-cited EP-A-0 643 498. 

The exemplary optical fiber span of FIG. 1 may be ss 
considered to comprise a single segment having a first 
portion and a second portion. The single optical phase 
conjugator 20 is located between the first and second 



portions of the span, which need not be of exactly equal 
length. 

The term "segment" used above in describing the 
optical fiber span is related to the number of optical 
phase conjugators within the span. In the embodiment 
shown in FIG. 1, the fiber span includes only a single 
optical phase conjugator 20 placed between a first and 
second portion of the span. Thus, in the single phase 
conjugator case, the span and segment are one and the 
same. In other cases, however, it may be desirable to 
divide the span into several segments, each of which in- 
cludes a phase conjugator between a first and a second 
portion thereof. 

In systems which utilize phase conjugator 20 to com- 
pensate only for first-order group velocity dispersion, 
conjugator 20 is typically placed near the system mid- 
point, or near the point L/2 for a fiber span of length L. 
Such systems may be referred to as linear systems and 
often utilize an equi-distant spacing of amplifiers 14 for 
convenience. In the systems described in the above-cit- 
ed EP-A-0 643 498, the interaction between chromatic 
dispersion and fiber nonlinearities may be compensated 
by adjusting the power level of an optical signal at various 
points in the fiber span. The adjustment in optical signal 
power may be made by appropriate selection of the 
number of in-line amplifiers 14, the relative positions or 
spacing between the amplifiers 14, and/or the output 
power of one or more of the amplifiers 1 4, with the result 
that the conjugator 20 again may not be placed at the 
exact midpoint of the span. By performing power adjust- 
ments in this manner, the interplay or interaction be- 
tween the chromatic dispersion and fiber nonlinearity on 
a first portion of a given span segment may be undone 
by, for example, providing the same interactions in the 
second portion of the given span segment. In these non- 
linear systems, it is generally important that at the output 
of the phase conjugator 20, the phase relationships be- 
tween all the signals, including any products of nonline- 
arities, are the conjugate of those phase relationships at 
the input to the conjugator 20. The present invention rec- 
ognizes that chromatic dispersion within the phase con- 
jugator 20 will change these phase relationships unde- 
sirably 

Phase conjugation of optical signals may be per- 
formed using, for example, four-photon mixing, also 
known as four-wave mixing. Four-photon mixing is a 
nonlinear process which generates mixing products by 
mixing an input optical signal with one or more pump sig- 
nals, or pumps, in a nonlinear conversion medium. The 
nonlinear conversion medium may comprise, for exam- 
ple, active devices such as a semiconductor laser or a 
semiconductor laser amplifier, a passive semiconductor, 
or a length of optical fiber. The four-photon mixing proc- 
ess itself may be either non-degenerate or degenerate. 
In non-degenerate four-photon mixing, two distinct pump 
signals mix with an input optical signal to produce the 
fourth signal. For an input signal ol frequency f s , a first 
pump of frequency f p1 , and a second pump of frequency 
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f p2 , the non-degenerale mixing process produces a 
phase conjugate of the input signal at a frequency 
f pl +f p2 -l s . In one form of degenerate four-photon mixing, 
two of the mixing signals are supplied by a single pump. 
Thus, for an optical signal of frequency f s and a pump at s 
frequency f p , degenerate four-photon mixing produces a 
phase conjugate of the optical signal at a frequency 
2f p -f s . In general, it is important to align the polarization 
of the input and pump signals prior to phase conjugation. 
This may be done using polarization controllers in the 10 
signal paths of the input and pump signals. Alternatively, 
the need to control the input and pump signal polariza- 
tions may be avoided by using a polarization -insensitive 
optical phase conjugator, such as those described in 
EP-A-0 643 320 and EP-A-0 643 31 9. is 

It should be noted that the present invention may uti- 
lize other nonlinear processes including, for example, 
three-photon mixing, to perform signal conversion. 

FIG. 1 also includes adispersion compensator 22 
located in the optical signal path of an optical signal pass- 20 
ing through the fiber span from optical transmitter 12 to 
optical receiver 18. The dispersion compensator 22 pro- 
vides an amount of chromatic dispersion suitable to sub- 
stantially offset the chromatic dispersion introduced in a 
conjugated output signal by the optical phase conjugator 25 
20. As previously noted, certain types of optical phase 
conjugators may introduce significant amounts of chro- 
matic dispersion into the phase conjugated output signal. 
For example, optical phase conjugator 20 may include a 
length of dispersion-shifted fiber (DSF) which generates 30 
a phase conjugate ol an input optical signal using a non- 
linear four-photon mixing process. When the phase con- 
jugator 20 is phase-matched, the additional chromatic 
dispersion introduced by phase conjugator 20 is sub- 
stantially equivalent to the dispersion which would result 35 
if the input optical signal were passed through the non- 
linear medium, and then phase conjugated without dis- 
tortion. This amount of chromatic dispersion is also sub- 
stantially equivalent to the dispersion which would be in- 
troduced in an optical signal passing through the nonlin- 40 
ear medium at the phase conjugate output signal wave- 
length. In many typical optical signal conversion applica- 
tions, such an amount of additional chromatic dispersion 
can significantly degrade the quality of the converted sig- 
nal output. 45 

Dispersion compensator 22 may be designed to pro- 
vide an amount of chromatic dispersion sufficient to sub- 
stantially offset any additional chromatic dispersion in- 
troduced into a converted signal output by the nonlinear 
conversion medium in optical phase conjugator 20. Al- so 
though it is preferable that the compensator 22 provide 
sufficient dispersion to substantially offset all of the dis- 
persion introduced by conjugator 20, the compensator 
22 may provide only a partial offset of the additional dis- 
persion. The compensator 22 may be placed either be- ss 
fore or after the phase conjugator 20 in the system of 
FIG. 1 . In alternative embodiments of the present inven- 
tion^ to be discussed in greater detail below, the conju- 



gator 20 and compensator 22 may be combined into a 
device which provides both the functions of phase con- 
jugation and dispersion compensation. For example, the 
dispersion compensation provided by compensator 22 
may be distributed within a length of DSF at a number of 
discrete points, or the phase conjugator 20 may utilize 
dispersion-flattened fiber which exhibits minimal disper- 
sion at the wavelengths of interest. In addition, the com- 
pensator 22 may be designed to provide an offsetting 
dispersion over a broad band of wavelengths such that 
the same compensator 22 could be used either before 
or after the conjugator 20 to provide the same magnitude 
of dispersion at a given wavelength. Such an embodi- 
ment is particularly useful in, for example, multi-channel 
WDM optical systems. 

FIG. 2 illustrates an exemplary optical system 100 
with compensation in accordance with the present inven- 
tion for the dispersion introduced in an optical phase con- 
jugation process. The systemof FIG. 2 is a three-channel 
WDM system designed to illustrate the improvements 
possible using the dispersion compensation techniques 
of the present invention, and should not be construed as 
limiting the present invention to use with only certain op- 
tical systems. The operation of the system of FIG. 2 will 
be described with reference to the optical signal spectra 
of FIGS. 3A-3D, the eye diagrams of FIGS. 4A-4D and 
the bit error rate curves of FIG. 5. 

The system 100 includes a transmitter 1 01 providing 
three input optical signals, or channels, at different but 
closely-spaced wavelengths. A first input optical signal 
is a continuous-wave (CW) signal at a wavelength of 
1 555.3 nm. A second input signal, also referred to as the 
central channel, has a wavelength of 1555.5 nm, and is 
amplitude modulated with a 2.5 Gbits/sec non-re- 
turn-to-zero (NRZ) pseudo-random bit sequence of 
length 2 23 -1. A third input optical signal is a CW signal 
at a wavelength of 1555.7 nm. The three input signals 
are amplified by an EDFA 102 and then applied to a 
band-pass filter 1 04 having a 6ne-nm bandwidth in order 
to remove undesirable amplified spontaneous emission 
(ASE) noise. The signal power levels are selected in this 
example to generate nonlinear effects in the first portion 
of the fiber span segment in system 1 00. These effects 
can be compensated as the phase-conjugated signals 
propagate through the second portion of the segment, 
as described in greater detail in the above-cited EP-A-0 
643 498. 

In this embodiment, the power levels of the first and 
third signals are set to about +9 dBm, and the average 
power level of the modulated second signal is set to 
about +7 dBm, as measured at the output of filter 104, 
by appropriately adjusting the output power of transmit- 
ter 101 and/or in-line amplifier 102. A total signal power 
of about +1 3 dBm is thus provided at the output of filter 
104. As will be shown below, the selected power level 
introduces nonlinear distortion in the fiber span which is 
compensated using optical phase conjugation in accord- 
ance with the present invention. 
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FIGS. 3A and 4A illustrate a baseline optical signal 
spectrum and eye diagram, respectively, measured at 
the output filter 104. The eye diagram in FIG. 4A corre- 
sponds to overlapped bits of the 2 23 -1 pseudo-random 
data stream obtained by demodulating the modulated 
second optical signal. Each horizontal axis division in 
FIGS. 4A-4D corresponds to a time duration of 100 pi- 
coseconds. The modulated second signal was demodu- 
lated by filtering the input signal spectrum using a fiber 
Fabry-Perot filter with a 9-GHz bandwidth and detecting 
the filtered spectrum using a 2.5-GHz bandwidth ava- 
lanche photodiode (APD) receiver. It can be seen from 
FIG. 3A that the optica! spectrum is relatively clean and 
exhibits strong peaks at each of the input signal wave- 
lengths. The corresponding eye diagram in FIG. 4A in- 
dicates a clear separation between high and low logic 
states, also referred to as upper and lower rails, respec- 
tively, in the overlapped bits of the demodulated pseu- 
do-random data stream. The multi-channel optical signal 
spectrum shown in FIG. 3Ais then applied to a first length 
of fiber 106 consisting of 15.4 km of dispersion-shifted 
fiber (DSF) having a zero-dispersion wavefength ^ of 
about 1 555.5 nm. As a result of the power levels selected 
for the input optical signals, the DSF 106 introduces sub- 
stantial nonlinear distortion on the modulated second 
signal via four-photon mixing of the three input signals. 

FIG. 3B is an optical spectrum measured at the out- 
put of DSF 106 showing the three input signals as well 
as additional mixing products resulting from the 
four-photon mixing in DSF 106. FIG. 4B shows an eye 
diagram generated by demodulating the modulated sec- 
ond signal after transmission through DSF 106. It can be 
seen that the upper rail of the eye diagram is severely 
distorted, indicating that the demodulation process is un- 
able to satisfactorily reproduce the 2 23 -1 pseudo-ran- 
dom bit sequence. A further indication of the extent of 
the distortion introduced in the modulated second signal 
by DSF 106 is that, using the APD photodiode receiver 
with the decision threshold fixed at the average signal 
level, the error rate in the demodulated data stream was 
so great that it was not possible to synchronize a bit error 
rate test set, the model number 70842A from 
Hewlett-Packard, used to measure error rates. 

Referring again to FIG. 2, the input signals are 
passed through a polarization controller 1 08 to adjust the 
polarization states of the signals. The signals are then 
phase conjugated in the following manner. A pump signal 
having a wavelength X p of about 1 547.2 nm and a power 
level of about 0 dBm is generated in a pump signal gen- 
erator 110, amplified in an EDFA 1 1 2 to a power level of 
approximately +20 dBm, and filtered in band-pass filter 
114 to remove ASE noise. The pump signal polarization 
is adjusted using polarization controller 116. Polarization 
controllers 108 and 116 permit alignment of input and 
pump signal polarizations prior to optical phase conjuga- 
tion. The pump signal is then combined with the input 
optical signals in a signal combiner 120. The combined 
input and pump signals are applied to a nonlinear con- 



version medium 1 22 which, in this embodiment, consists 
of 25.0 km of DSF with a zero-dispersion wavelength 
of about 1547.2 nm. The nonlinear medium 122 gener- 
ates phase conjugates of the input signals, as well as a 
5 number of other mixing products, via degenerate 
four-photon mixing with the pump signal. In this embod- 
iment, the phase conjugates are also shifted in wave- 
length, with the phase-conjugated center channel shifted 
to a wavelength of about 1539 nm. 

io The optical signal path after the nonlinear medium 
122 includes filters used to separate the desired phase 
conjugate output signals, including the modulated center 
channel, from the residual pump signal, residual input 
signals, and undesired mixing products. A band-reject 

*s filter 1 24 has a one-nm rejection band at the pump wave- 
length and removes a substantial amount, up to 90% or 
more, of the residual pump signal power at the output of 
the conversion medium 122. A band-pass filter 126 has 
a four-nm bandwidth and passes the phase-conjugated 

20 jnput signals while attenuating a number of undesired 
mixing products, additional residual pump signal power, 
and residual unconjugated input signal power. The opti- 
cal signal path further includes a length of single-mode, 
fiber (SMF) 130 which provides dispersion compensa- 

25 tion in accordance with the present invention in a manner 
to be described in greater detail below. The phase-con- 
jugated signals are amplified in EDFA 134 to approxi- 
mately the same power level at the input of the first length 
of fiber 106, +13 dBm, and then applied to a second 

30 length of fiber 1 36. The fiber 1 36 consists of 1 4.7 km of 
DSF having a zero-dispersion wavelength X 0 of about 
1540.7 nm and was selected to compensate for nonlin- 
ear distortion introduced by the first length of fiber 106, 
in accordance with the teachings of the above-cited 

35 EP-A-0 643 498. 

The phase-conjugated signals passing through DSF 
136 are applied to a band-pass filter 140, which in this 
embodiment is a fiber Fabry-Perot filter with a 9-GHz 
bandwidth designed to pass the modulated center chan- 
ge nel at about 1539 nm, while rejecting the other 
phase-conjugated signals. A receiver 142 receives and 
demodulates the phase-conjugated center channel sig- 
nal, to provide a demodulated 2 23 -1 pseudo-random bit 
stream. As noted above, a suitable receiver is an APD 

45 receiver capable of operating at a bit rate ol 2.5 
G bits/sec. 

FIGS. 3C and 4C show a signal spectrum and eye 
diagram, respectively, measured in the optical system of 
FIG. 2 without dispersion compensation in accordance 

50 with the present invention. FIGS. 3C and 4C thus corre- 
spond to a system which does not include dispersion 
compensator 1 30. As noted above, chromatic dispersion 
introduced in the nonlinear medium of the phase conju- 
gator, such as in DSF 122 in FIG. 2, can significantly dis- 

55 tort the output signal. FIG. 3C shows the phase-conju- 
gated signal spectrum measured at the output of DSF 
136. It can be seen that the spectrum at this point in- 
cludes a number of undesired products, resulting prima- 
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rily from nonlinear distortion in DSF 106 which remains 
uncompensated by DSF 136. FIG. 4C shows a corre- 
sponding eye diagram measured by demodulating the 
center channel in receiver 1 42. The upper rail of the eye 
diagram remains significantly affected by nonlinear dis- s 
tortion, although comparison with FIG. 4B indicates that 
some cancellation of nonlinear distortion occurs in pas- 
sage through DSF 1 36. 

The present invention is based in part on the.discov- 
ery that the failure of DSF 1 36 to more fully compensate to 
for nonlinear distortion introduced in DSF 106 is primarily 
due to chromatic dispersion introduced in the phase con- 
jugator, that is, in DSF 122. As noted above, this chro- 
matic dispersion can be eliminated or compensated in a 
number of different ways, one of which is to introduce is 
compensating chromatic dispersion at the input or output 
of the phase conjugator. In the embodiment shown in 
FIG. 2, an additional amount of positive chromatic dis- 
persion was provided at the output of the conjugator us- 
ing dispersion compensator 130, consisting of 750 me- 20 
ters of standard SMF The SMF 1 30 exhibits a dispersion 
zero at about 1300 nm, and provides positive dispersion 
for longer wavelength such as the phase-conjugated 
center channel wavelength of about 1 539 nm. The length 
of SMF 1 30 is selected such that the negative dispersion 25 
introduced by DSF 1 22 at 1 539 nm is substantially offset. 

FIGS. 3D and 4D show an optical spectrum and eye 
diagram, respectively, corresponding to the system of 
FIG. 2 with a dispersion compensator 1 30 in accordance 
with the present invention. With the addition of the dis- 30 
persion compensator 1 30, the nonlinear distortion was 
substantially eliminated. The speclrum of FIG.- 3D is 
measured at the output of DSF 136, and, in comparison 
with that of FIG. 3C, shows that the number and power 
levels of nonlinear distortion-induced mixing products 35 
are substantially reduced. The eye diagram of FIG. 4D 
exhibits clear separation between the upper and lower 
rails, corresponding to high and low data levels in the 
demodulated data stream, indicating proper demodula- 
tion of the pseudo-random bit sequence. By compensat- 40 
ing for the dispersion introduced in the phase conjugator, 
the present invention provides significantly improved* 
compensation of fiber non linearities. 

FIG. 5 shows bit error rate (BER) curves for the sys- 
tem of FIG. 2. A Hewlett-Packard model No. 70842 A was *s 
used as a bit error rate test set to generate the curves. 
The baseline BER performance curve, corresponding to 
the spectrum and eye diagram described above in con- 
junction with FIGS. 3Aand 3B, respectively, includes the 
data points designated X. The performance for the base- so 
line case indicates a receiver sensitivity of about -33 dBm 
for a bit error rate of 10~ 9 . The BER curve measured on 
the signal at the output of DSF 106, corresponding to the 
spectrum and eye diagram of FIGS. 3B and 4B, respec- 
tively, includes data points designated by squares. As ss 
noted above, the substantial nonlinear distortion intro- 
duced by propagating through the 15.4 km of DSF 106 
at relatively high power levels prevented proper synchro- 



nization in the BER test set. In order to obtain a BER 
curve, the total signal power level at the input of the DSF 
106 was reduced by 2 dB, to +11 dBm, such that the 
amount of nonlinear distortion produced in the DSF 106 
was reduced and the BER test set could properly syn- 
chronize to the demodulated pseudo- random bit se- 
quence. The resulting BER curve indicates that even at 
a reduced input power level, a BER of less that 10" 8 is 
not achieved for a modulated signal which has propagat- 
ed through the 15.4 km length of DSF 106. A perform- 
ance penalty of about 7 dB relative to the baseline case 
is seen at a BER of about 1 0 -6 . 

The BER curve in FIG. 5 with data points indicated 
by circles was measured at the output of the system of 
FIG. 2, using DSF 122 as a phase conjugator and dis- 
persion compensator 130 to compensate for dispersion 
introduced by DSF 122. The total signal power level ap- 
plied to the first length of DSF 106 was set to +11 dBm, 
the same power level used to generate the BER curve 
measured al the output of DSF 106. The performance 
penalty relative to the baseline case was dramatically re- 
duced to about 1 .5 dB at a BER of 10~ 9 . The BER curve 
in FIG. 5 with data points designated by triangles was 
measured at the output of the system of FIG. 2 with dis- 
persion compensation in accordance with the present in- 
vention and a total power level of +1 3 dBm at the input 
of the 1 5.4 km of DSF 1 06. This curve thus corresponds 
to the signal spectrum and eye diagram shown in FIGS. 
3D and 4D, respectively. Again, the penalty relative to 
baseline was only about 1.5 dB. 

The results shown in FIGS. 3A-3D, 4A-4D and 5 in- 
dicate that the present invention can substantially im- 
prove the performance of systems which utilize optical 
phase conjugation to compensate for nonlinearities 
and/or chromatic dispersion within an optical fiber span. 
The results further demonstrate that nonlinearity-in- 
duced degradation in a WDM system can be adequately 
compensated by employing phase conjugation tech- 
niques. For the above-described exemplary three-chan- 
nel WDM system, in which the center channel was se- 
verely degraded after transmission through 15.4 km of 
DSF, dispersion-compensated phase conjugation fol- 
lowed by transmission through an additional 1 4.7 km of 
DSF was effective in restoring signal integrity. The 2.5 
Gbits/sec modulated center channel, previously degrad- 
ed to the point where a substantial penalty was incurred, 
was received with a penalty of only about 1 .5 dB relative 
to baseline when a dispersion-compensated phase con- 
jugator was used in the approximately 30 km fiber span. 
Similar advantages may be obtained in a wide variety of 
other optical systems, with different span lengths, con- 
version media, and data rates. 

While the exemplary embodiment described in con- 
junction with FIG. 2 uses DSF as a conversion medium 
for phase conjugation, and a length of standard SMF af- 
ter the conversion medium for compensation, it should 
be understood that this is by way of example rather than 
limitation. The compensation can be used in either phase 
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conjugation applications or frequency shifting applica- 
tions or combinations of the two, or in other signal con- 
version applications. The dispersion compensation can 
be applied to either the input or the output of the conver- 
sion medium or it can be distributed within it. The non- 
linear conversion process may be four-photon mixing, 
three-photon mixing, or another nonlinear process. The 
conversion medium can be a DSF, SMF or another type 
of optical fiber, an active semiconductor such as a sem- 
iconductor laser or a semiconductor optical amplifier, a 
passive semiconductor, or a nonlinear crystal such as 
the quasi-phase-matched LiNb0 3 described in C. Xu et 
al, "Efficient broadband wavelength convenor for WDM 
optical communication systems," Technical Digest, OFC 
'94, paper ThQ4, pp. 250-251, San Jose, Cal., 1994, 

In addition, although the primary nonlinearity which 
caused the distortion in the system of FIG. 2 was non-de- 
generate four-photon mixing of the three channel sig- 
nals, the present invention will provide similar advantag- 
es for cancellation of olher nonlinearities such as 
self -phase modulation, cross-phase modulation and 
stimulated Raman scattering (SRS). 

FIG. 6 is a graph showing the first-order group ve- 
locity dispersion of exemplary optical fiber, in units of 
ps/nm-km, as a function of wavelength. A number of ex- 
emplary first-order group velocity dispersion functions D 
(X) are labelled SMF, DSF, DCF1 and DCF2. Each of 
these first-order dispersion functions is approximated as 
a linear function, such that the second-order dispersion, 
corresponding to the slope of the linear functions shown, 
is approximated as a constant. The dispersion function 
labeled DSF has a dispersion zero at about 1547 nm, 
and corresponds to the DSF used as a conversion me- 
dium in the system of FIG. 2. The function labeled SMF 
corresponds to the dispersion of a standard SMF having 
a dispersion zero at about 1 300 nm. It can be seen from 
FIG. 6 that the function DSF exhibits a non-zero amount 
of dispersion at the phase-conjugate modulated signal 
wavelength of about 1 539 nm. The total amount of dis- 
persion introduced by the DSF at the phase-conjugated 
signal wavelength is determined by the length of DSF 
used in the phase conjugation. This additional dispersion 
may be offset in accordance with the present invention 
by, for example, including an appropriate length of SMF 
in the signal path of the fiber span after the phase con- 
ju gator. 

In general, in a signal conversion using DSF as the 
nonlinear medium, in which an input signal at a longer 
wavelength is converted to a signal at a shorter wave- 
length, negative dispersion should be added at the input 
of the conversion medium, or positive dispersion added 
at the output of the conversion medium. The exemplary 
system of FIG. 2 corresponds to the latter situation. For 
a case in which an input signal at a shorter wavelength 
is converted to a signal at a longer wavelength, positive 
dispersion should be added at the input of the conversion 
medium, or negative dispersion added at the output of 
the conversion medium. FIG. 6 indicates that an appro- 



priate length of SMF can be placed at the output of the 
conversion medium to provide an amount of positive dis- 
persion at the phase-conjugated signal wavelength of 
1539 nm suitable to offset the negative dispersion intro- 
s duced by the DSF conversion medium at 1539 nm. In 
the system of FIG. 2, a suitable length of SMF was de- 
termined to be 750 meters. For optical signal convenors 
which utilize other types of nonlinear conversion media, 
the placement of the compensator relative to the conver- 
io sion medium will generally depend upon the sign of the 
dispersion introduced by the conversion medium and the 
compensator. 

In an alternative embodiment of the present inven- 
tion, the dispersion-compensating fiber used may exhibit 

15 the same dispersion zero as the fiber used as a conver- 
sion medium, but have a slope of the opposite sign. FIG. 
6 shows a dispersion function DCF1 which has the same 
dispersion zero, 1547 nm, as the DSF function shown. 
A suitable length of fiber having the function DCF1 can 

20 therefore be placed either before or after the conversion 
medium DSF to provide compensation for the dispersion 
introduced by the medium. FIG. 6 also shows a disper- 
sion function DCF2 which has a large negative disper- 
sion at 1539 nm and a large negative slope. When using 

25 DSF as the conversion medium, a suitable length of fiber 
having the function DCF2 can similarly be placed either 
before the conversion medium when converting to short- 
er wavelengths, or after the conversion medium when 
converting to longer wavelengths, to provide dispersion 

30 compensation in accordance with the present invention 
In the embodiments of the present invention utilizing 
an optical fiber nonlinear conversion medium and an op- 
tical fiber dispersion compensator, a suitable amount of 
dispersion compensation may be determined as follows. 

3S in this example, the lengths of the nonlinear conversion 
fiber and the compensating fiber are designated L N and 
Lc, respectively, and their first-order dispersion functions 
are designated D N (X) and D C (X), respectively. If the input 
signal, pump signal, and phase conjugate signal wave- 

40 lengths are designated Xq, 7. p and X s * t respectively, a 
length L c of compensating fiber added before the non- 
linear conversion medium should satisfy the following re- 
lationship: 

45 d n(^s)L n --D c (X s )L c . 

For a length Lq of compensating fiber added after the 
nonlinear conversion medium, the following relationship 
should be satisfied: 

so d n(V)l n --d c (V)l c 

It should be noted that, in general, when operating under 
phase-matched conditions, the quantity D N (X S ) is ap- 
proximately equivalent to the quantity ~0 N (X S *). Further- 
more, although other types of nonlinear conversion me- 
ss dia may have dispersion functions which, unlike those 
shown in FIG. 6, cannot be approximated as linear to first 
order, those skilled in the art can readily determine suit- 
able amounts of dispersion compensation in accordance 
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with the teachings of the present invention. 

FIG. 7 is a block diagram of an alternative embodi- 
ment of the present invention. An optical signal convertor 
200 includes an optical signal source 210 which supplies 
a single-channel or multi-channel input optical signal to $ 
a signal combiner 21 2. The signal combiner 212 receives 
at least one pump signal from a pump source 214, and 
combines the input signal and the pump signal onto a 
common signal path. The input signal and pump signal 
are then supplied to a first nonlinear element 216 which io 
provides a partial signal conversion function. The chro- 
matic dispersion introduced in the nonlinear element 21 6 
is then partially or completely offset by an opposite 
amount of dispersion introduced by a compensator 218. 
Similarly, nonlinear elements 220 and 224 provide fur- is 
ther partial signal conversion functions, and introduce 
additional dispersion which is compensated by corre- 
sponding compensators 222 and 226, respectively. The 
nonlinear elements 216, 220 and 224 thus in combina- 
tion provide a desired signal conversion, such as phase 20 
conjugation and/or frequency shifting of the input signal, 
and may be considered as a single optical signal con- 
vertor such as the phase conjugator 20 of FIG. 1. The 
nonlinear elements 21 6, 220 and 224 in combination pro- 
vide compensation for dispersion introduced in the signal 2s 
conversion process. In this embodiment, the dispersion 
compensation is distributed within a nonlinear conver- 
sion medium made up of nonlinear elements 216, 220 
and 224. As in the other embodiments described above, 
the nonlinear elements may be, for example, lengths of 30 
dispersion-shifted, single-mode or other types of optical 
fiber, active or passive semiconductors, or nonlinear 
crystals, and the compensators may be suitable lengths 
of DSF or SMF, or any of a number of other alternative 
dispersion compensators. In general, the length of com- 35 
pensators 218, 222 and 226 should be chosen to main- 
tain phase matching for the pump and signal wave- 
lengths used. However, if the compensators 218, 222 
and 226 are made from fiber having a dispersion function 
similar to DCF1 in FIG. 6, then phase matching will gen- 40 
e rally be maintained regardless of the length of the com- 
pensators. 

An alternative implementation of the optical signal 
convertor 200 of FIG . 7 could replace nonlinear elements 
216, 220, 224and compensators 218, 222, 226 with one *s 
or more lengths of dispersion-flattened fiber which ex- 
hibit a substantially reduced chromatic dispersion over 
a suitable range of wavelengths. In such an embodimenl, 
the dispersion compensation is distributed within the 
conversion medium by selecting a fiber conversion me- so 
dium which exhibits reduced negligible dispersion at the 
wavelengths of interest, such that minimal dispersion is 
introduced in the converted signal. For purposes of the 
present invention, signal convertors which include dis- 
persion-flattened fiber or other types of conversion me- 55 
dia specifically designed to exhibit reduced dispersion 
are considered to fall within the scope of the embodiment 
of FIG. 7. Additional detail regarding dispersion-flattened 



fiber may be found in, for example, R. Lundin, "Disper- 
sion Flattening in a W Fiber," Applied Optics, Vol. 33, No. 
6, pp. 1011-1014, February 1994. 

Alternative dispersion compensators which may be 
used in accordance with the present invention include 
planar dispersion compensators, fiber gratings, interfer- 
ometers, or any other means for introducing an amount 
of chromatic dispersion sufficient to partially or complete- 
ly offset dispersion resulting from signal conversion. Ex- 
emplary dispersion compensators suitable for use in the 
present invention are described in, for example, C. Poole 
et al., "Elliptical-Core Dual-Mode Fiber Dispersion Com- 
pensator/ ECOC '92 Proceedings, Vol. 3, Post-deadline 
- Paper No. ThPD I.4, "pp. 863-866, September 1992; K. 
Takiguchi et al., "Dispersion Compensation Using a Pla- 
nar Lightwave Circuit Optical Equalizer" IEEE Photonics 
Technology Letters, Vol. 6, No. 4 : pp. 561-564, April 
1994; K. Hagimotoetal., "Penalty free dual-channel 10 
Gbit/s transmission over 132 km standard fiber using a 
PLC delay equalizer with -830 ps/nm," OFC *94 Techni- 
cal Digest, Post-deadline Papers, pp. PD24-1 to PD24-4, 
San Jose, Cal., February 1994; M. Onishi etal., "Disper- 
sion Compensating Fiber with a Figure of Merit of 273 
ps/nm/dB and its Compact Packaging," OFC "94 Techni- 
cal Digest, Paper No. 14B1-3, pp. 126-127, July 1994; 
and K. Hill et al., "Aperiodic In-Fiber Bragg Gratings for 
Optical Fiber Dispersion Compensation," OFC '94 Tech- 
nical Digest, Post-deadline Paper, pp. PD2-1 to PD1-4, 
February 1994. - 

The optical signal conversion techniques of the 
present invention may be readily extended to systems 
utilizing more than one signal convertor. For example, in 
such a system, a fiber span may be divided into a number 
of segments, each of the segments having a first and a 
second portion. An optical phase conjugator is placed 
between the first and second portions of each segment, 
in order to cancel the nonlinearity effects within that seg- 
ment. Nonlinearity effects resulting from propagation 
along the first portion of each segment are compensated 
during propagation along the second portion thereof. For 
a fiber span divided into n segments, n optical phase con- 
jugators may be used. The length of the first and second 
portions of each of the segments, and thereby the place- 
ment of the optical phase conjugator within each seg- 
ment, may be determined in the same manner as in the 
single segment case. Using additional phase conjuga- 
tors in effect breaks the fiber span into separately com- 
pensated segments of shorter length, and therefore may 
improve nonlinearity cancellation, since the amount of 
compensation necessary in each segment is reduced. It 
should again be noted that the segments need not be of 
equal or approximately equal length. For example, a fiber 
span of length L could be divided into two segments, one 
of length 1/3 L and the other of length 2/3 L. Nonlinearity 
cancellation within each segment could then be accom- 
plished by placing a phase conjugator between a first 
and second portion of each segment with the relative fib- 
er lengths, amplifier spacings and signal power levels in 
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each portion determined in the manner described above 
and in the above-cited EP-A-0 643 498. 

Although the above description illustrates the utility 
of the present invention primarily in terms of a fiber span 
incorporating an optical phase conjugator providing can- s 
cellation of fiber nonlinearities, it should be understood 
that the apparatus and methods of the present invention 
are generally suitable for use with any optical system 
with an optical signal convenor. which introduces chro- 
matic distortion in a converted signal. For example, the io 
present invention may be used in a multiple-segment fib- 
er span incorporating dispersion-compensated optical 
phase conjugators or other signal convertors within each 
segment of the span. Many variations may be made in 
the type of signal conversion and conversion medium, is 
the nonlinear process used to generate the converted 
signal, the type of dispersion compensator, the signal 
conversion application, as well in other system parame- 
ters such as data rate and transmission distance. These 
and other alternatives and variations in the arrange- 20 
ments shown will be readily apparent to those skilled in 
the art. 



Claims 25 

1. An apparatus for use in converting an optical signal 
within an optical signal path, comprising: 

a nonlinear conversion medium arranged 
within the optical signal path and adapted to receive 30 
the optical signal and to generate a converted optical 
signal therefrom; and 

at least one dispersion compensator arranged 
within the signal path to provide an amount of chro- 
matic dispersion suitable to offset a portion of the 35 
chromatic dispersion introduced in the converted 
signal by the nonlinear medium. 

2. The apparatus of claim 1 wherein the optical signal 
path includes an optical fiber span, the nonlinear *o 
conversion medium is part of an optical phase con- 
jugator arranged within the span, and the converted 
optical signal is a phase conjugate of the optical sig- 
nal. 

45 

3. The apparatus of claim 1 wherein the optical signal 
path includes an optical fiber span, the nonlinear 
conversion medium is part of a frequency shifter 
arranged within the span, and the converted optical 
signal is a frequency-shifted version of the optical so 
signal. 

4. The apparatus of claim 1 further including: 

a pump signal source for providing a pump sig- 
nal; and 55 

a signal combiner arranged within the optical 
signal path before the nonlinear conversion medium 
to combine the optical signal and the pump signal, 



such that the pump signal and optical signal are 
mixed within the nonlinear conversion medium to 
generate mixing products which include the con- 
verted optical signal. 

5. The apparatus of claim 1 .wherein the nonlinear con- 
version medium is a length of dispersion-shifted 
fiber. 

6. The apparatus of claim 1 wherein the dispersion 
compensator is located in the optical signal path 
before the nonlinear conversion medium. 

7. The apparatus of claim 1 wherein the dispersion 
compensator is located in the optical signal path 
after the nonlinear conversion medium. 

8. The apparatus of claim 1 wherein the dispersion 
compensator is distributed within the nonlinear con- 
version medium. 

9. The apparatus of claim 1 wherein the optical signal 
is a multi-channel optical signal, and the dispersion 
compensator provides a chromatic dispersion hav- 
ing a sign opposite to that of the chromatic disper- 
sion introduced by the nonlinear conversion medium 
over a wavelength range which includes wave- 
lengths of channel signals in the multi-channel opti- 
cal signal or wavelengths of phase conjugates of the 
channel signals. 

10. A method of converting an optical signal comprising 
the steps of: 

applying the optical signal to a nonlinear con- 
version medium arranged in an optical signal path 
of the optical signal; 

generating a converted optical signal in the 
nonlinear conversion medium; and 

compensating for chromatic dispersion intro- 
duced in the nonlinear conversion medium by pro- 
viding an amount of chromatic dispersion suitable to 
offset a portion of the chromatic dispersion intro- 
duced in the converted signal by the nonlinear con- 
version medium. 

11. The method of claim 10 further including the steps 
of: 

providing a pump signal; and 

mixing the optical signal with the pump signal 
in the nonlinear conversion medium to generate the 
converted optical signal. 

1 2. The method of claim 1 0 wherein the step of applying 
the optical signal includes applying the optical signal 
to a nonlinear conversion medium in an optical 
phase conjugator arranged in an optical fiber span, 
and the step of generating a converted optical signal 
includes generating a phase conjugate of the optical 
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signal. 

13. The method of claim 1 0 wherein the step of applying 
the optical signal includes applying the optical signal 

to a nonlinear conversion medium in a frequency 5 
shifter arranged in an optical fiber span, and the step 
of generating a converted optical signal includes 
generating a frequency-shifted version of the optical 
signal. 

10 

1 4. The method of claim 1 0 wherein the step of applying 
the optical signal to a nonlinear conversion medium 
includes the step of applying the optical signal to a 
length of dispersion -shifted fiber. 

15. The method of claim 10 wherein the step of compen- 
sating for chromatic dispersion introduced by the 
nonlinear conversion medium includes providing a 
dispersion compensator in the optical path of the 
optical signal before the nonlinear conversion 20 
medium. 

16. Themethodof claim 10 wherein the step of compen- 
sating for chromatic dispersion provided by the non- 
linear conversion medium includes providing a dis- 25 
persion compensator in the optical path of the optical 
signal after the nonlinear medium. 

17. The method of claim 10 wherein the step of compen- 
sating for chromatic dispersion introduced by the 30 
nonlinear conversion medium includes providing 
dispersion compensation distributed within the non- 
linear conversion medium. 

35 
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(54) Apparatus and method for compensating chromatic dispersion produced in optical phase 
conjugation or other types of optical signal conversion 



(57) An apparatus and method for providing disper- 
sion compensation for chromatic dispersion introduced 
in the signal conversion of an optical signal. An exem- 
plary apparatus in accordance with the present inven- 
tion includes a nonlinear conversion medium arranged 
within an optical signal path of the optical, signal. The 
conversion medium receives the optical signal and gen- 
erates a converted optical signal therefrom. At least one 
dispersion compensator is arranged within the signal 
path to provide an amount of chromatic dispersion suit- 



able to offset a portion of the chromatic dispersion intro- 
duced in the converted signal by the nonlinear conver- 
sion medium. The nonlinear medium may be a length of 
dispersion-shifted fiber used to phase conjugate and/or 
frequency shift an input optical signal in an optical sys- 
tem utilizing, for example, optical phase conjugation to 
cancel the effects of fiber nonlinearities. The dispersion 
compensator may be placed in the optical signal path 
either before or after the nonlinear conversion medium, 
or may be distributed within the medium. 
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